In general, the simulations suggest that the applied combined use of internal and external markers 60 allow the robot to accurately follow tumor motion even in case of irregularities in breathing patterns.
simultaneously recorded internal and external marker positions to investigate the effectiveness of tumour tracking by the RTS.
The Cyberknife does not allow continuous acquisition of X-ray images to follow the moving internal markers (typical imaging frequency once per minute). Therefore, for the simulations we have used data for 8 lung cancer patients treated with respiratory gating. All of these patients had simultaneous 50 and continuous recordings of both internal tumor motion and external abdominal motion. The available continuous relationship between internal and external markers for these patients allowed investigation of the consequences of the lower acquisition frequency of the RTS.
With the use of the RTS, simulated treatment errors due to breathing motion reduced largely and consistently over treatment time for all studied patients. A considerable part of the maximum reduction 55 in treatment error could already be reached with a simple linear model. In case of hysteresis, a polynomial model added some extra reduction. More frequent updating of the correspondence model resulted in slightly smaller errors only for the few recordings with a time trend that was fast relative to the current X-ray update frequency.
In general, the simulations suggest that the applied combined use of internal and external markers 60 allow the robot to accurately follow tumor motion even in case of irregularities in breathing patterns.
I. INTRODUCTION 65
The Synchrony™ Respiratory Tracking System (RTS) is a subsystem of the CyberKnife robotic treatment device (Accuray, Inc, Sunnyvale, CA USA 1, 2, 3 ) to irradiate extra-cranial tumors that move due to respiration 4 . The advantage of the RTS is that patients can breath normally throughout treatment while the CyberKnife robot actively compensates for breathing motion.
Tumor tracking is based on a fitted curve through a discrete set of points, each consisting of a 70 measured internal tumor position, and a simultaneously measured external (chest/abdominal) marker position, designated correspondence model, or prediction model. The treatment beam follows the internal movement via continuously measured external movement, a conversion to the corresponding internal movement using the correspondence model, and a compensation using the robot.
Before treatment starts, the 3D internal tumor position is determined at discrete time points by 75 automatically detecting implanted gold fiducials in orthogonal X-ray images. The external signal is continuously measured using optical LEDs that can be fitted on a tight Velcro vest that the patient is wearing during the treatment. The correspondence model is a linear or polynomial fit between 3D target positions and scalar marker positions (r). During treatment, the model is checked and updated regularly by acquiring additional X-ray images. The update procedure is based on the first-in first-out 80 principle, i.e. after acquisition of a new pair of X-ray images, a new correspondence model is built using these images, and all images used to establish the current correspondence model, except the pair that was acquired first.
Compared to other systems like gating 5, 6, 7 or active breathing control 8, 9 , another advantage of this system is, like the real-time tumor tracking system 10, 11 , that the localisation of the internal tumor
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position is very precise and does not depend on patient positioning errors. During the treatment the relation between internal and external motion is always accounted for and is regularly checked and updated. Furthermore, the duty cycle is in general 100%.
However, like for all other breathing compensation/gating methods, irregular tumor motion may adversely impact precision. Therefore, in the current paper we have tried to answer the following 90 questions:
• How do the applied prediction models depend on the number of acquired X-ray images and the time between subsequent X-ray images?
• Can the RTS follow changes and irregularities in breathing pattern in the time interval between subsequent X-ray acquisitions?
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• What if phase differences exist/change during treatment?
II. METHODS AND MATERIALS

A. Patients
To minimize the imaging dose received by the patient in a CyberKnife treatment using RTS, the frequency of update X-ray image acquisition is typically once per 1 to 5 minutes. The tumor motion is 100 not measured in the intervals between update X-ray images. Therefore, the Cyberknife log files do not contain data to assess the tracking accuracy within these intervals and to simulate effects of more frequent updating of the correspondence model. For these reasons we used synchronised recordings of both internal tumor motion and external abdominal motion of 8 lung cancer patients (with estimated tumor motion greater than 1 cm peak-to-peak), treated with real-time-tumor radiotherapy from the 105 study of Berbeco et al. 12 , to investigate the breathing compensation method of the RTS. The average length of the 117 recordings was 82 seconds (range 20s to 250s) of which 46 lasted longer than 100
seconds. The patients, who were suitable for (and treated by) amplitude based threshold gating, did not exhibit excess baseline shifts.
These recordings were made at the Radiation Oncology clinic at the Nippon Telegraph and Telephone
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Corporation (NTT) Hospital in Sapporo, Japan that is equipped with a Mitsubishi RTRT system 11 .
Patients with abdominal and thoracic tumors, treated with this system, typically have two to four 1.5 mm diameter gold ball-bearings implanted in or near the tumor 13 . These markers are tracked in realtime with diagnostic X-ray fluoroscopy and the treatment beam is turned on when a marker is within a predetermined 3-D window 11 .
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The system at the NTT hospital differs from the usual RTRT system 14, 10 in that there are only two pairs of X-ray tubes and imagers, rather than four. Therefore, at some gantry angles, one of the X-ray views may be blocked. To facilitate gating at these angles, an external surrogate gating system was installed and integrated with the RTRT system by Mitsubishi. The AZ-733V external respiratory gating system (Anzai Medical, Tokyo, Japan) uses a laser to monitor the movement of the patient's abdominal 120 surface. For the purposes of this study, the external surface was also monitored when neither of the Xray views was obscured. The signal from the surface monitor is synchronised with the signal from the fluoroscopic unit so that the log files contain both the three-dimensional tumor position and the external surface position at every time point. The rate of data acquisition for this entire system was 30 frames/second.
The details of each patient are given in Table 1 12 . Patients 1-3 have data for one single day because they were brought to the NTT hospital for the specific purpose of acquiring data for the study of Berbeco et al. 
B. Correspondence models
We used the RTRT logged recordings to simulate Cyberknife / RTS treatments with a program written in Matlab ® (Mathworks), containing the same mathematics as used for the prediction models in the
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Synchrony RTS. Additionally, the measured external signal could be shifted in time artificially to simulate the effect of large phase differences. An example of a recording is shown in Figure 2a .
By building correspondence models based from the external signal and 'snap-shots' of the true internal tumor position during the intial part of each recording (mimicking a Cyberknife treatment), the predicted tumor position during the remainder of the recording could be checked against the true 140 tumor position, using.the measured data from the RTRT system as a 'gold standard'.
For establishing a correspondence model, two options are provided in the RTS: 
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The final selection of which model will be used, is based on a weighted comparison of these indices of merit. These weights are pre-determined and are designed to favour simpler model types. 
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If in the course of treatment the LED motion range exceeds the range captured during building of the correspondence model, the quadratic fits are weighted back towards the single linear fit; this prevents the danger of large extrapolation errors that might be possible with a quadratic fit (Figure 4 ).
C.
Time series
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For building a correspondence model, the number of simulated X-ray images and the time between acquisition of X-ray images could be varied. A random number generator was used to generate a For time series that were longer than 2 minutes, update X-ray images were simulated with variable time intervals (5, 15 and 25 seconds, or 15 X-ray images with one second delay halfway through the recording to study the effect of completely updating the model). Compared to the clinical situation, the update frequency is higher in the simulations because the length of the time series is too short to simulate 1 to 5 minute intervals).
Furthermore, the number of simulated X-ray images in the model varied from 3 to 15 to investigate the stability of the correspondence models (always 15 for real treatments).
We evaluated the accuracy of the RTS by determining the average and the 95 th percentile of the 3D The theoretical minimum number of model points (X-ray image pairs) to define a linear model is two.
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III. RESULTS
However, the system requires the user to take at least one additional data point before continuing (i.e. To determine the effect of the RTS for the AP, LR and CC directions separately, we split up the error 255 calculations in three directions ( Figure 8 ). As expected, breathing motion was largest in the CC direction in most patients and the reduction in treatment error was largest in this direction. For patients 4, 6, and 7, the motion in the other directions was very small and correction for this motion was not really necessary.
In Figure 9 all data is summarised in two histograms of the mean and the 95 th percentage of the 3D
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treatment error for all patients. For the breathing compensated treatments, the residual error was largely reduced and more normally distributed.
A. Gradual changes in correspondence model
The results presented so far show that 15 X-ray images to establish the correspondence model at the start of the treatment are enough to reliably predict the internal tumor position from an external signal 
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and thus will lead to inferior prediction models.
Updating the complete model halfway through the fraction resulted in a larger improvement in treatment error than updating one X-ray pair every 15 seconds. By doing so, changes are apparently better implemented in the model, compared to the other update schemes for which it takes longer before the complete model is updated. However, the overall improvement is less than the 290 improvement obtained with the fastest update frequency (5 sec). This because the faster update frequency leads to earlier (though smaller) adjustments of the model at each step. The earlier a correction is made, the smaller the overall residual error will be.
For the patients without a time trend, the time interval between updating did not make much difference.
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B. Hysteresis
The polynomial model performed better for the patients who showed internal hysteresis or had a time delay between the internal and external motion (patients 4 and 5). In case of extreme time delays between internal and external motion the performance of this model will be reduced because the determination of the inhale and exhale phase is solely based on the external signal. It can happen that 300 the 'inhale' polynomial is based on tumor positions that are in fact in the exhale phase and the other way around. The amount of hysteresis observed in the studied patients did not result in large errors due to this effect.
IV. DISCUSSION 305
The reduction in treatment error due to breathing motion, using Synchrony™ RTS with a simple linear model and a limited number of X-ray images, is large, even for patients with irregular breathing and/or internal or external hysteresis (Figures 5 & 8) . Fine-tuning of the correspondence model by using polynomial functions reduced the treatment error by a few more mm for those patients. Hysteresis 310 between internal and external signal was frequently observed and could change from day to day, however, the correspondence models were found to be quite stable during a time period representative for the update frequency of the Synchrony™ RTS (<1-4 min, less than 100 ms for acquiring one frame). Commonly present breathing irregularities as baseline shifts, changes in breathing frequency and amplitude are usually accounted for by Synchrony™ RTS and do not 315 increase treatment time. As imaging is performed before each treatment session, set-up errors are virtually absent and the relation between internal and external signal is established. Long-term time trends are detected and corrected for by updating the model at regular intervals throughout the treatment. Nevertheless some residual motion will sustain because of noise in the data (± 1 mm), inaccuracy of the models and the system (also ± 1 mm) and time trends or sudden changes that are 320 not picked up by the system. These errors should be accounted for by an appropriate margin. The residual motion observed in this study is comparable with the study of Korreman et al. 15 in which the authors analysed the correlation between internal and external motion by fluoroscopy, based on fits through the entire dataset.
Ways of reducing the effect of breathing motion are abdominal compression 16 , active breathing 325 control 9 , gating 5 , tracking 17 or a combination of these. For all these techniques the relation between internal tumor motion and the external surrogate is important, but is not always handled in an optimal way. Many of the techniques rely on a constant (one-to-one) relation between internal and external motion without hysteresis and require regular and steady breathing patterns throughout the treatment.
Tumor motion is not as regular as often is assumed; changes in motion pattern with both random and 330 systematic components are frequently observed over the course of radiotherapy, as is hysteresis 18, 10, 19, 20, 21 , the present study is not contradicting this either. With breath-hold techniques additional errors may be induced 22 . Cyberknife's Synchrony™ RTS is the only system that on-line determines and deals with the not always linear relation between internal tumor motion and the external surrogate.
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The main requirement for accurate dose delivery with Synchrony™ RTS is absence of significant fiducial marker migration and tumor deformation during radiotherapy. Imura et al 23 reported earlier that the reliability of the marker position lasts for 2-4 weeks from the start of radiotherapy. In contrast to conventional radiation for lung cancer patients consisting of schemes with fractions of 2-2.5 Gy during several weeks, lung cancer patients treated with the Cyberknife receive 3x20 Gy within one week, so 340 in this time frame, marker migration is not likely to occur.
The Synchrony™ RTS, as was used at the time of this study, could only randomly sample the breathing cycle; there was no possibility to sequence the X-ray imaging system such that it covers a whole breathing cycle homogeneously. As tumors tend to spend more time in the exhale phase, the RTS will have an increased probability of missing images of the tumor position at, or close to its inhale 345 position. In that case the reliability and accuracy of the polynomial fit can be hampered because the range on which the polynomial fit was based will be smaller, making the model more sensitive to noise. Furthermore, the model switches back to the, in some cases less accurate, linear model if the range of the external signal exceeds the range for which the polynomial model is determined.
We found that in this data-set random sampling of the X-ray sequence (pattern 2 and CK) gave rise to 350 a larger variability in the results and a slightly larger 3D error, compared to a series of X-ray images at 0.5 seconds time intervals for the polynomial model (pattern 1). As expected, the linear model was less sensitive for these effects. This finding underlines that it is important that all phases of the breathing cycle are sufficiently sampled by the imaging system. An automatic X-ray acquisition sequence (i.e. triggered by the external marker signal) that covers one or two breathing cycles would
355
improve the correspondence models. Concerning the frequency of imaging to update the model, a trade-off should be made between excess patient X-ray exposure, accuracy of the model and also treatment time. For patients with stable correction models, less imaging is necessary. For patients with irregular breathing patterns, faster updating will reduce the treatment error. A decision about an appropriate update frequency can be made based on analysis of the residual errors, reported back by the system during treatment.
Furthermore, the choice of the most appropriate prediction model cannot be made correctly based on a least square fit using the 15 X-ray images (clinical protocol). This is made clear by Figure 
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analysis based on 15 X-ray images does not contain enough information to select the best fitting model, particularly not if the breathing cycle is sampled inhomogeneously, which is likely to occur with the current clinical X-ray sequence. The weighting that was applied to favour simpler models does not always results in the choice of the most optimal corresponding error.
With the Cyberknife system irradiation time is long compared to conventional radiotherapy, a typical 370 treatment lasts for 60-90 minutes in which a patient is not expected to be totally without movement.
Updating the model frequently is therefore essential. Safety interlocks prevent irradiation after the patient for example coughs or shows external motion larger than a pre-set level. After each update Xray image, the true tumor position is automatically checked against the predicted position and if the deviation between these two is larger than 3 mm (value applied in our center), the entire model is re-
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build before the treatment can continue.
Delays in positioning the radiation source at the offsets, calculated by the correlation model, necessitates the introduction of a time-prediction mechanism that compensates for these delays. Such a mechanism exists in current implementation of Synchrony and accounts for the 115 ms between computing the real-time offset of the tumor and the ability of the robot to position the radiation source 380 accordingly. By inspecting the patterns of LED movement in the immediate past, the predictor compensates for the delay and predicts the target position 115 ms in the future. The predictor works well for patients with regular breathing pattern and adjusts quickly (with 1-2 sec) to changes in breathing pattern. If the breathing pattern is highly irregular then it is possible that the errors from the predictor can be significant. However, unlike the correlation model where the actual target position 385 information is available only after an image acquisition, the error in prediction is always known 115 ms after the prediction has taken place (predicted value -actual value). This error is displayed on Synchrony's user interface and can be monitored to ensure that the value of prediction error is within acceptable clinical limits.
Because of the high precision, the Cyberknife in combination with Synchrony™ RTS, can ideally be 390 used for hyperfractionated treatments, making up also for prolonged treatment times and the inevitable time trends that will be present in the patient. 
Figure Legends
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Figure 5
The 95 th percentile of the residual 3D treatment error for both the linear and polynomial models, and
for the clinically applied protocol (choice between linear and polynomial model for each direction separately) for all beams of patient 1-8. The treatment error will be (much) smaller than this value for
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95% of the time. For the non-compensated treatment error, the minimum value is calculated; set-up errors should be added for a more realistic representation (grey area).
Figure 6
A. 3D representation of the treatment error for a non-compensated irradiation (continuous line) and 
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Histograms of the mean and the 95 th percentage 3D treatment error for all patients (weighted average) for the non-compensated treatment, linear and polynomial models.
Figure 10
Effects of the X-ray update frequency for two registrations with a time trend, and three without. * Tumor site is indicated using common anatomical notation for lung segmentation: S1-3 is upper lobe, S4-5 is middle lobe, S6-10 is lower lobe. Minimal error without breathing compensation
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